Introduction
In a previous paper we reported an analysis. of how much the gain could be reduced when a long undulator for a high-gain free-electron laser is. interrupted with short drift sections [1] .
The interruptions, if they could be introduced without significant loss in gain, would greatly simplify the mechanical construction and also provide valuable space for installing focusing quadrupoles and diagnostic elements for the long undulators considered for x-ray SASE projects [2] , [3] . Three effects were considered; the diffraction loss of the optical mode, the free-space slippage, and the loss of the phase coherence due to the electron beam energy spread and emittance. Of these, the first effect was found to be small, and the second can be corrected by adjusting the length of the interrupted sections. It is the purpose of this paper to correct an algebraic error in the calculation of the third effect in Ref. [ 1] . The correct calculation reveals that the effect is quite small for short gaps.
The error in Ref. [1] was in Eq. (12), in which the factor 11{1 + (ji,kd) 2 should be replaced by 11( 1 + ( (ji,kd ) 2 ). With this replacement, gain reduction for the SLAC project becomes 0.5% per interruption rather than the 17% reported in that paper.
The analysis of Ref. [1] was based on qualitative argument. Here we will carry out a more precise analysis based on the coupled Vlasov-Maxwell equation, following closely the method used in Ref. [4] . The gain reduction is then found to be 3.4% per interruption. The result is encouraging for construction of long undulator magnets for SASE.
Derivation
The coupled Maxwell-Vlasov equations for FELs are [ 4] (:z-2iku llV )F(v, 11,z) = K1A(v;z) ~ V(11),
Here z is the distance along the undulator; ku = 2rt/ Au, Au = undulator period length; 11 = relative energy deviation; v = ro/ ro 0 ; ro= the radiation frequency; ro 0 = resonance frequency; F(v, 11,z) is essentially the electron beam bunching parameter; A(v;z) is the slowly varying amplitude of the radiation field; V( 11) is the distribution function of the initial electrons' energy spread; and Av = v -1 = detuning parameter. The constants K 1 and K2 are related such that (3) where p is the PEL scaling parameter [5] .
Equations (1) and (2) can be solved by the Laplace transform technique to express -F(v,11;z) and A(v;z) for z>z1, given the initial functions F(v,11;z1) and A(v;zl), as explained in Ref. [4] . The solution is especially simple when (4) Here x 1 is the imaginary part of x, where x is the solution, with the largest imaginary part, of the dispersion relation Av 3Jd dV/d11 O x+-+p 11 = .
X+11V
In this exponential gain regime, the solution is
Equations (6) and (7) are valid for z sufficiently far away from z 1 ( < z) so that the gain is dominated by the fastest growing single mode, i.e., when the inequality (4) is valid. Now suppose that the FEL was started from zo << z 1 , so that the field at z 1 is also dominated by the fastest growing mode. Then the bunching parameter F and the field amplitude will be related by an equation identical to Eq. (7) except that z is replaced by z1. Using this, Eq. 
This is as it should be in the exponential gain regime.
To study the effect of a~ interruption, we consider the case where the undulator is interrupted by a drift section between Zt and z1 +d. We assume that z 1 is in the exponential ' gain regime so that Eq. (7) is valid with z = Zt. In passing the drift section, we have
The field at z>>zt +dis obtained by replacing A(v;zi) and F(v,11;z 1 ) by A(v;z 1 +d) and F(v, 11;z1 +d), respectively, in Eq. (6) . The phase shift AS is given by
Here c is the light speed, and t( 11) is the time for an electron with relative energy spread 11 to travel the interruption, and
where B is the magnetic field in the drift section, e = electron charge, m = electron mass, and yo is the reference electron energy in units of mc 2 .
The first term in Eq. (11) does not affect the FEL gain if it is chosen to be an integral multiple of 21t. The second term can be written as
Here (14) is the dimensionless dispersion parameter [6] , [7] .
Using these results, we obtain for the field amplitude z >> z1 + d:
The factor R gives the modification of the exponential gain due to the drift section, and is given by (16) In the above we have assumed for simplicity that /iv = 0, and introduced the scaled variables
Equation (16) is the main result of this paper [8] , which needs to be numerically evaluated for a general distribution function v(~). However, the result is simple for a rectangular distribution
In this case
For vanishing energy spread !! = 0, we obtain R = 1-iDJl/3, suggesting that the gain may be increased significantly for a large D [6] . However, the improvement is difficult for a finite energy spread, as observed previously [7] .
-5- The author thanks N. Vinokurov for pointing out the algebraic error in Ref. [1] .
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